Aim. We carried out the phylogenetic analysis of the Ukrainian isolates of Cucumber mosaic virus using incomplete sequences of several viral genes.Methods. ELISA, RT-PCR, DNA sequencing and phylogenetic analysis. Results. The symptomatic samples of plants from different regions of Ukraine were collected and tested for CMV infection. Partial sequences of the genes encoding coat protein, movement protein and 2b protein of four Ukrainian CMV isolates were amplified and analyzed. These isolates were shown to belong to subgroups IA and IB. The coat protein, movement protein and 2b protein gene sequences demonstrated high intragroup homology. For isolates CMV-Ukr-28 and CMV-Ukr-58, the unique amino acid substitutions were detected in 2b protein sequences which were considered independent of the host plant. Conclusions. The isolates of Cucumber mosaic virus which circulate in Ukraine and are described in this study, belong to the most widespread phylogenetic subgroups IA and IB which are also found in other European countries. The obtained data may indicate separate routes of CMV infection, as well as the ongoing virus microevolution in Ukraine.
Introduction
Cucumber mosaic virus (CMV) is a type species of the genus Cucumovirus (family Bromoviridae) and known to infect approximately 1300 species of more than 500 monoand dicotyledonous plant genera among over 100 families, with new hosts reported every year [1] . Wide dissemination of CMV suggests its success in rapid adapting to new hosts and new environments [2] .
The genome of CMV is a single-stranded positive sense RNA. There are three RNA segments containing five open reading frames (ORF), which are packed in separate icosahedral particles and code for the proteins 1a and
Viruses and Cell ISSN 1993-6842 (on- 2a (viral polymerase complex), 2b (suppressor of the post-transcriptional gene silencing), 3a (movement protein (MP)), and coat protein (CP) [3] . According to serological relationships, peptide mapping of the coat protein, nucleic acid hybridization and nucleotide sequence identity, a number of CMV isolates have been described previously and classified into two subgroups, designated I and II [4] . The development of phylogenetic analysis methods led to a further subdivision of CMV isolates of subgroup I into subgroups IA and IB [4] . Subgroup IA and group II have worldwide distribution and the subgroup IB is restricted to Asia only [5] . The homology of nucleotide sequences of group I and group II representatives constitutes ~67-77%, when nucleotide sequence similarity among subgroup IA and IB strains is 92-94% or higher [2] .
In Ukraine, the isolates of subgroups IA and IB were found previously [6] . The presence of subgroup II was initially reported but has not been confirmed by phylogenetic analysis [7] . However, these conclusions were based exclusively on the coat protein gene sequence as the information about the other genes was missing at the time. In this work, the additional sequences of the movement protein and 2b protein genes were employed as these affect the pathogenicity of the isolate: together with the coat protein, the movement protein is involved in the cell-to-cell movement, when 2b protein is a suppressor of the post-transcriptional gene silencing and also facilitates longdistance movement.
In the current work, we used incomplete sequences of three viral genes for the phylogenetic analysis of the Ukrainian isolates of Cucumber mosaic virus. These isolates belonged to subgroups IA and IB only. The unique amino acid substitutions were detected in the 2b protein sequences of two CMV isolates described here, suggesting separate routes of CMV infection and the ongoing virus microevolution in Ukraine.
Materials and Methods
Symptomatic plant samples were collected in different regions of Ukraine (Vinnytsia, Zaporizhzhia, Kyiv, Kirovohrad, Odessa, Poltava, Lviv, Ivano-Frankivsk, Cherkasy and Chernihiv) during the growing seasons of 2009-2016. Plants (pumpkin, squash, watermelon, melon, and cucumber) showing CMV-like symptoms of mosaic, stunting, fruit discoloration and/or malformation, were collec ted.
Collected samples were tested for CMV infection by a direct double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA), as described by Clark and Adams (1977) [8] , using CMV-specific polyclonal antibodies (Loewe, Germany). Briefly, plant leaves were ground to a powder with mortar and pestle in 0.1M phosphate buffered saline (PBS), pH 7.4, 1:2 (m/v). Plant debris was removed by centrifugation at 5.000 g for 20 minutes at +4°С. The supernatant was used for ELISA. DAS-ELISA was performed according to the manufacturer's recommendations. Absorbance values at 405 nm were measured using a Termo Labsystems Opsis MR microtitre plate reader (USA).
Total RNA was extracted from naturally infected CMV-positive plant samples using RNeasy Plant Mini kit (Qiagen, UK). The twostep reverse transcription reaction (RT-PCR) was accomplished using pairs of specific prim-ers complementary to the genes of the CP, MP and 2b protein of CMV producing the amplicons with expected size of 500 bp, 800 bp, and 300 bp, respectively [9, 10] . Total RNA extraction and PCR amplification were assessed by electrophoresis in a 1.5% agarose gel in TBE buffer (89 mM TRIS borate and 2 mM EDTA, pH 8.3) stained with ethidium bromide. The purified amplicons were sequenced using Applied Biosystems 3730x1 DNA Analyzer with Big Dye terminators, version 3.1 (Applied Biosystems, USA).
The aligned cDNA sequences of Ukrainian CMV isolates were compared with the nucleotide sequences of CMV strains and isolates belonging to subgroup I and II publicly available from the GenBank database (http://www. ncbi.nlm.nih.gov). The phylogenetic analysis was conducted using MEGA 6 software. The phylogenetic trees were constructed using the Neighbor-Joining method.
Results and Discussion
A total of 370 samples of cucurbit plants showing virus-like symptoms of yellow leaf mosaic, dark green spotting, leaf deformation, vein banding, and/or fruit malformation ( Fig. 1) were collected in different sites. CMV was detected by DAS-ELISA in large part of the collected plant samples (>50%) including pumpkin, squash, and cucumber.
For further investigations, four samples were selected differing either by their native hosts or year of sampling (Table 1) .
Partial nucleotide sequences of the CP, MP and 2b genes responsible for pathogenicity of CMV were amplified for four isolates designated CMV-Ukr-2114, CMV-Ukr-28, CMVUkr-36, and CMV-Ukr-58 (see Table 1 ).
The nucleotide sequences of CMV strains available from the GenBank database were used when constructing the phylogenetic trees. These strains originate from different countries and are considered as typical representatives of the IA and IB subgroups (Fig. 2) . Strain TN (AB176847) belonging to the subgroup II was used as the outgroup. Regardless of the gene used for phylogenetic analysis, the trees (Fig.2, A , B and C) had similar topology. In parallel to our previous results [6] , Ukrainian isolates belonged to the subgroups IA (isolate CMV-Ukr-2114) and IB (isolates CMV-Ukr-28, CMV-Ukr-36, and CMV-Ukr-58).
Depending on the gene used for phylogenetic analysis, Ukrainian subgroup IB isolates changed their positions within the subcluster:
isolate CMV-Ukr-28 was grouped together with isolate CMV-Ukr-36 on the CP-and MPbased trees (Fig.2, A and B) , but it was grouped with isolate CMV-Ukr-58 on the 2b-based tree (Fig.2, C) . This finding, however, had no effect on the overall pattern of clustering of Ukrainian isolates of CMV.
This tendency was also obvious when comparing pairwise identities for the obtained CMV amplicons. Thus, the CP, MP and 2b gene sequences of isolates belonging to the same subgroup (subgroup IB, isolates CMVUkr-28, CMV-Ukr-36, and CMV-Ukr-58) showed high intragroup nucleotide identity totaling 95-99% and generally demonstrated good correlation of clustering irrespective of the gene analyzed. For the CP gene region, isolates CMV-Ukr-28 and CMV-Ukr-36 were most homologous (99,7%), for the MP gene region -isolates CMV-Ukr-36 and CMVUkr-58 (99,2%), when isolates CMV-Ukr-58 and CMV-Ukr-28 were most identical in the 2b gene region (99,6%) ( Table 2) . High overall homology of Ukrainian isolates CMVUkr-28, CMV-Ukr-36, and CMV-Ukr-58 (all belonging to the subgroup IB) suggests that they should be attributed to the same strain of CMV which circulates in different regions of Ukraine and is subjected to microevolutionary changes.
Expectedly, isolate CMV-Ukr-2114 demonstrated significantly lower nucleotide identity with the remaining three Ukrainian isolates as it was grouped into the genetically distinct subgroup IA (Fig.2, Table 2 ).
Further analysis of the translated amino acid sequences revealed unique amino acid substitutions in the 2b protein: serine -> isoleucine at the position 42 for isolates CMV-Ukr-28 and CMV-Ukr-58, and serine -> leucine at the position 62 for CMV-Ukr-36. The 2b protein is a suppressor of the posttranscriptional gene silencing required for host-specific 'protective' reactions of the virus in order to evade plant defenses. In view of this we supposed that the amino acid substitutions in the 2b protein of isolates CMV-Ukr-28, CMV-Ukr-36 and CMV-Ukr-58 may be connected with the origin of the virus (see Table 1 ) and are required for its efficient replication in these plants. Isolates CMV-Ukr-28 and CMVUkr-58 were collected from Cucurbita pepo plants, when isolate CMV-Ukr-36 was obtained from Cucumis sativus.
To check this hypothesis, we intentionally selected the 2b protein sequences of IB strains and isolates of CMV collected from various hosts of 5 different families, and constructed the phylogenetic tree (Fig. 3) .
Most of the host plants were from the Cucurbitaceae and Solanaceae families (which were of special interest in this project), when some were brassicas including wild-growing plant species as well as crops which are often cultivated nearby cucurbits and solanaceous plants. Strain TN (AB176847) was used as the outgroup. However, the resultant phylogenetic tree revealed no significant patterns between host type and respective amino acid substitutions (Fig. 3) .
Overall, CMV was found abundant in every sampled region in Ukraine where it infected various host plants with different systemic symptoms. Commonness of CMV infection of susceptible plants in field conditions suggests a long-term circulation of the pathogen with possible frequent co-infection of hosts by the isolates belonging to the different phylogenetic subgroups. In this work, isolates from both subgroups IA and IB were found and analyzed. Subsequently, this may lead to the recombination and reassortment between such isolates generating new and possibly more severe virus variants [10] .
Genetic groups and subgroups of CMV isolates differ geographically. Subgroup IA and group II have worldwide distribution and the group I isolates typically prevail (~80%), when the subgroup IB isolates were initially restric- ted to Easy Asia which was considered their place of origin [5] . During the last years, members of the subgroup IB were also detected in European countries, especially in Medi ter ranean area, Poland, but with lower rate [11] .
CMV isolates circulating in Ukraine belong to the most frequent phylogenetic subgroups also common for other European countries. Phylogenetic analysis based on three virus genes showed that 3 out of 4 isolates of CMV (isolates CMV-Ukr-28, CMV-Ukr-36 and CMV-Ukr-58) were attributed to the subgroup IB, when the isolate CMV-Ukr-2114 remained the only representative of the subgroup IA found in this study. Similar clustering of the isolates of CMV-Ukr-28, CMV-Ukr-36, CMVUkr-58 on the CP-and MP-based phylogenetic trees as well as their high nucleotide identity may imply that these isolates may recently have had a common ancestor which had passed through a bottleneck event [12] .
In the previous work, we described two CMV isolates, Ukr-sq13 (GenBank Accession Number KJ921837) and Ukr-tom2 (GenBank Accession Number KJ921838), also belonging to the subgroup IB [13] . Comparison of the isolates identified in this research (with the exception of CMV-Ukr-2114 isolate from IA subgroup) with those described previously (Table 3) showed their high mutual homology (>99%) suggesting that all these isolates were the IB isolates belonging to the same virus strain. Taking this altogether, we suggest that IB isolates of CMV prevail in Ukraine. Similarly to many other European countries, subgroup II isolates have not been found in Ukraine since they weren't predominant in this region [14] .
Genetic differences found among the subgroup IB isolates and the discovery of the only subgroup IA isolate in this study (Fig. 2 , Table 1 ) may be indicative of the separate origins of CMV infection in Ukraine. This is in line with our findings of two new amino acid substitutions in the 2b protein for isolates CMV-Ukr-28 and CMV-Ukr-58 confirming the never-ending process of natural selection in Ukrainian ecosystems.
Conclusions
In summary, we used incomplete sequences of three viral genes for the phylogenetic analysis of the isolates of Cucumber mosaic virus circulating in Ukraine. These isolates belong to 
